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3\UHQH%HQ]RWKLDGLD]ROH%DVHG&RSRO\PHUVIRU$SSOLFDWLRQLQ
3KRWRYROWDLF'HYLFHV
%DNKHW$$OTXUDVK\D/XNH&DUWZULJKWD$KPHG,UDTLD<LZHL=KDQJEDQG'DYLG*/LG]H\E
D'HSDUWPHQW RI &KHPLVWU\ 8QLYHUVLW\ RI 6KHIILHOG 6KHIILHOG 6 +) 8. (PDLO
DLUDTL#VKHIILHOGDFXN
E'HSDUWPHQWRI3K\VLFVDQG$VWURQRP\8QLYHUVLW\RI6KHIILHOG6KHIILHOG65+8.(PDLO
GJOLG]H\#VKHIILHOGDFXN
$EVWUDFW
7KH SUHSDUDWLRQ DQG FKDUDFWHULVDWLRQ RI IRXU QDUURZ EDQG JDS S\UHQHEHQ]RWKLDGLD]ROH EDVHG
DOWHUQDWLQJ FRSRO\PHUV LV SUHVHQWHG $Q LQYHVWLJDWLRQ RI WKH LPSDFW RI DWWDFKLQJ GLIIHUHQW
VROXELOLVLQJ JURXSV WR WKH S\UHQH UHSHDW XQLWV RQ WKH RSWLFDO HOHFWURFKHPLFDO DQG WKHUPDO
SURSHUWLHV RI WKH UHVXOWLQJ PDWHULDOV ZDV XQGHUWDNHQ DORQJ ZLWK VWXGLHV RQ WKH DJJUHJDWLRQ RI
SRO\PHUFKDLQVLQWKHVROLGVWDWH8QVXUSULVLQJO\SRO\PHUVZKLFKKDGWKHVPDOOHUHWK\OKH[\O
FKDLQVDWWDFKHGWRWKHS\UHQHXQLWV33(+'7%7DQG33(+'7II%7GLVSOD\HGORZHUPROHFXODU
ZHLJKWV UHODWLYH WR SRO\PHUV ZLWK ODUJHU KH[\OGHF\O VXEVWLWXHQWV 33+''7%7 DQG 33+'
'7II%7 'HVSLWH WKLV WKH HWK\OKH[\O VXEVWLWXWHG SRO\PHUV GLVSOD\HG QDUURZHU RSWLFDO EDQG
JDSVUHODWLYHWRWKHLUDQDORJRXVKH[\OGHF\OVXEVWLWXWHGSRO\PHUV2IDOOSRO\PHUVV\QWKHVLVHG
33(+'7%7GLVSOD\HGWKHORZHVWRSWLFDOEDQGJDSH9LQWKHVHULHV$OOSRO\PHUVGLVSOD\
GHJUDGDWLRQWHPSHUDWXUHVLQH[FHVVRI&3RO\PHUVZLWKVPDOOHUDON\OFKDLQVRQWKHS\UHQH
XQLWV GLVSOD\ VKDOORZHU +202 OHYHOV ZKLFK FRXOG EH GXH WR LQFUHDVHG LQWUDPROHFXODU FKDUJH
WUDQVIHUEHWZHHQWKHGRQRUDQGDFFHSWRUXQLWV3UHOLPLQDU\LQYHVWLJDWLRQVRQEXONKHWHURMXQFWLRQ
VRODU FHOOV ZLWK D GHYLFH VWUXFWXUH ,723('273663RO\PHU3&%0&D$O ZHUH XQGHUWDNHQ
3RO\PHU3&%0EOHQGUDWLRVRIZHUHXVHG LQ WKHVHVWXGLHVDQGKDYH LQGLFDWHG WKDW33(+
'7%7GLVSOD\HGWKHKLJKHVWHIILFLHQF\ZLWKD3&(RI
,QWURGXFWLRQ
2UJDQLF VHPLFRQGXFWRUV KDYH JDLQHG D WUHPHQGRXV DPRXQW RI DWWHQWLRQ IURP UHVHDUFKHUV LQ
UHFHQW \HDUV RZLQJ WR WKH DGYDQWDJHV WKH\ SRVVHVV RYHU WKHLU LQRUJDQLF FRXQWHUSDUWV 7KHVH
DGYDQWDJHVLQFOXGHKLJKDEVRUSWLRQFRHIILFLHQWVQRQWR[LFDQGUHF\FODEOHPDWHULDOVDQGFDQEH
PDQXIDFWXUHGRQOLJKWZHLJKWIOH[LEOHVXEVWUDWHVviaORZFRVWVROXWLRQSURFHVVLQJPHWKRGV7KHVH
XQLTXHHOHFWULFDODQGRSWLFDOSURSHUWLHVPDNHRUJDQLFVHPLFRQGXFWRUVSURPLVLQJFDQGLGDWHV IRU
XVHLQRUJDQLFSKRWRYROWDLFFHOOV239RUJDQLFOLJKWHPLWWLQJGLRGHV2/('VDQGRUJDQLFILHOG
HIIHFWVWUDQVLVWRUV2)(7V
%XONKHWHURMXQFWLRQ%+-SKRWRYROWDLFGHYLFHVEDVHGRQFRQMXJDWHGSRO\PHUVDVSW\SHRUJDQLF
VHPLFRQGXFWRUV DQG IXOOHUHQH GHULYDWLYHV DV QW\SH RUJDQLF VHPLFRQGXFWRUV KDYH EHHQ
LQWHQVLYHO\VWXGLHGLQUHFHQW\HDUV7KLVKDVUHVXOWHGLQWKHHIILFLHQF\RI239%+-GHYLFHVULVLQJ
IURP OHVV WKDQ   WR RYHU   7KH KLJK ULVH LQ HIILFLHQFLHV FDQ EH DWWULEXWHG WR WKH
GHYHORSPHQWRIFRQMXJDWHGSRO\PHUVDQGWKHLPSURYHPHQWLQWKHPRUSKRORJ\RIWKHSKRWRDFWLYH
OD\HURI%+-VRODUFHOOV3UHYLRXVOLWHUDWXUHUHSRUWVKDYHVKRZQWKDW%+-VRODUFHOOVIDEULFDWHG
IURPGRQRUDFFHSWRU'$FRQMXJDWHGSRO\PHUV\LHOGWKHEHVWHIILFLHQFLHV,QWKH'$DSSURDFK
DQHOHFWURQSRRUDFFHSWRUXQLW LVFRSRO\PHULVHGZLWKDQHOHFWURQULFKGRQRUXQLW$IUDFWLRQRI
HOHFWURQLFFKDUJHLVWUDQVIHUUHGEHWZHHQWKHHOHFWURQULFKDQGHOHFWURQSRRUXQLWVDORQJSRO\PHU
FKDLQVOHDGLQJWRLQWUDPROHFXODUFKDUJHWUDQVIHU,&7DQGDQDUURZRSWLFDOEDQGJDSDOORZLQJ
WKHSRO\PHUWRDEVRUEODUJHSRUWLRQVRIOLJKWIURPWKHYLVLEOHVSHFWUXP
%HQ]RWKLDGLD]ROH %7 EDVHG FRSRO\PHUV KDYH UHFHLYHG D ODUJH DPRXQW RI DWWHQWLRQ IURP WKH
DFDGHPLFFRPPXQLW\+LJKHIILFLHQFLHVKDYHEHHQUHSRUWHGIRU%+-VRODUFHOOVIDEULFDWHGIURP
EHQ]RWKLDGLD]ROH EDVHG '$ FRSRO\PHUV 5HFHQWO\ /LX et al UHSRUWHG WKH V\QWKHVLV RI KLJKO\
HIILFLHQW %+- VRODU FHOOV EDVHG RQ EHQ]RWKLDGLD]ROHWKLRSKHQH DOWHUQDWH FRSRO\PHUV
(IILFLHQFLHVRIZHUHDFKLHYHGZKHQ WKHSRO\PHU3II%772'ZDVEOHQGHGZLWK WKH
IXOOHUHQHDFFHSWRU7&%0+LJKHIILFLHQFLHVZHUHVWLOODFKLHYHGZKHQWKLFNILOPQP
SRO\PHU VRODU FHOOVZHUH IDEULFDWHG2WKHU HIILFLHQW%7 EDVHGSRO\PHUV LQFOXGH%'7'7%7II
V\QWKHVLVHGE\<RXDQGFRZRUNHUVZKLFKDFKLHYHGDQHIILFLHQF\RIZKHQIDEULFDWHGLQWR
%+-VRODUFHOOV
3RO\F\FOLF DURPDWLF K\GURFDUERQV 3$+V KDYH IRXQG ZLGHVSUHDG XVH LQ 239 DQG 2/('
GHYLFHV &RPSDUHG WR RWKHU 3$+V VXFK DV QDSKWKDOHQH DQG DQWKUDFHQH S\UHQHEDVHG
FRQMXJDWHG SRO\PHUV KDYH UHFHLYHG OLWWOH DWWHQWLRQ IURP UHVHDUFKHUV 3\UHQH LV D SODQDU
V\PPHWULFDO HOHFWURQ ULFK XQLW WKDW SRVVHVVHV DQ H[WHQGHG ʌFRQMXJDWHG V\VWHP 7KXV S\UHQH
PROHFXOHV PD\ H[KLELW VWURQJ ʌʌ VWDFNLQJ DQG D KLJK GHJUHH RI FU\VWDOOLQLW\ ZKLFK FRXOG
SURPRWHFKDUJHFDUULHUPRELOLW\)XUWKHUPRUHWKHHOHFWURQULFKQDWXUHRIS\UHQHPHDQVWKDWWKH
S\UHQHXQLW FDQ EH SRO\PHULVHG ZLWK HOHFWURQGHILFLHQW XQLWV IRUPLQJ WKH DGYDQWDJHRXV '$
DUUDQJHPHQWGLVFXVVHGDERYH7KHS\UHQHXQLWFDQEHSRO\PHULVHGWKURXJKWKHSRLWLRQV
)XUWKHUPRUH WKH RSWLFDO DQG HOHFWURQLF SURSHUWLHV RI S\UHQH XQLWV FDQ EH DOWHUHG  E\
IXQFWLRQDOLVLQJWKHSRVLWLRQVRIS\UHQHZLWKGLIIHUHQWVXEVWLWXHQWV<DQJDQGFRZRUNHUV
V\QWKHVLVHG D VHULHV S\UHQHGLNHWRS\UURORS\UUROH EDVHG FRSRO\PHUV IRU XVH LQ 2)(7V
3'7'33alt3<GLVSOD\HGDQDUURZRSWLFDOEDQGJDSRIH9DQGKROHPRELOLWLHVRI
FP9 V+ZDQJet al UHSRUWHG WKH V\QWKHVLVRIS\UHQHEDVHGDOWHUQDWHFRSRO\PHUV
%+- VRODU FHOOV IDEULFDWHG IURP WKHVH SRO\PHUV GLVSOD\HG HIILFLHQFLHV XS WR  7KH\
V\QWKHVLVHGD WHUSRO\PHU3%'7'7%7 WKDWFRPSULVHGFDUED]ROHEHQ]RWKLDGLD]ROHDQGS\UHQH
UHSHDW XQLWV 3%'7'7%7 ZDV FRPSDUHG WR WKH ZHOOVWXGLHG SRO\PHU 3&'7%7 7KH
UHVHDUFKHUVIRXQGWKDW3%'7'7%7GLVSOD\HGKLJKHUFKDUJHWUDQVSRUWDELOLWLHVZKHQFRPSDUHG
WR 3&'7%7 D FRQVHTXHQFH RI LQFRUSRUDWLQJ S\UHQH XQLWV 6RODU FHOOV EDVHG RQ 3%'7'7%7
GLVSOD\HG HIILFLHQFLHV RI   ZKLFK LV KLJKHU WKDQ WKDW RI VRODU FHOOV IDEULFDWHG IURP
3&'7%7 XVLQJ VLPLODU FRQGLWLRQV )XUWKHUPRUH WKH LQWURGXFWLRQ RI S\UHQH UHVXOWHG LQ WKH
SRO\PHUVGLVSOD\LQJKLJKHURSHQFLUFXLWYROWDJHV
+HUHLQ ZH UHSRUW WKH SUHSDUDWLRQ RI IRXU '$ SRO\PHUV FRPSULVLQJ S\UHQHEHQ]RWKLDGLD]ROH
UHSHDWXQLWV3RO\WHWUDNLVKH[\OGHF\OR[\S\UHQHGL\ODOWGLWKLRSKHQ\O
¶¶¶EHQ]RWKLDGLD]ROHGL\O@ 33+''7%7 SRO\WHWUDNLV
KH[\OGHF\OR[\S\UHQHGL\ODOWGLIOXRURGLWKLRSKHQ\O¶¶¶
EHQ]RWKLDGLD]ROHGL\O@ 33+''7II%7 SRO\WHWUDNLVHWK\OKH[\OR[\S\UHQH
GL\ODOWGLWKLRSKHQ\O¶¶¶EHQ]RWKLDGLD]ROHGL\O@ 33(+'7%7 DQG SRO\
WHWUDNLVHWK\OKH[\OR[\S\UHQHGL\ODOWGLIOXRURGLWKLRSKHQ\O
¶¶¶EHQ]RWKLDGLD]ROHGL\O@ 33(+'7II%7 ZHUH V\QWKHVLVHG E\ 6WLOOH SRO\PHULVDWLRQ
6FKHPH  7KH SURSHUWLHV RI WKH SRO\PHUV ZHUH LQYHVWLJDWHG DQG WKHLU SHUIRUPDQFH LQ %+-
SKRWRYROWDLFGHYLFHVZDVDVVHVVHG3RO\PHUVWKDWKDGVPDOOHUDON\OFKDLQVDWWDFKHGWRWKHS\UHQH
XQLWGLVSOD\HGQDUURZHURSWLFDOEDQGJDSVVKDOORZHU+202OHYHOVDQGLPSURYHGʌʌVWDFNLQJ
LQ VROLG VWDWH %+- VRODU FHOOV IDEULFDWHG IURP 33+''7%7 33(+'7%7 33+''7II%7 DQG
33(+'7II%7GLVSOD\HGHIILFLHQFLHVRIDQGUHVSHFWLYHO\


5HVXOWVDQG'LVFXVVLRQ
3RO\PHU 6\QWKHVLV 7KH SUHSDUDWLRQ RI PRQRPHUV GLEURPRWHWUDNLV
KH[\OGHF\OR[\S\UHQH  DQG GLEURPRWHWUDNLVHWK\OKH[\OR[\S\UHQH  LV
GHSLFWHGLQ6FKHPH%RWKS\UHQHPRQRPHUVZHUHV\QWKHVLVHGVWDUWLQJIURPWKHFRPPHUFLDOO\
DYDLODEOH S\UHQH 7KH S\UHQH ZDV R[LGLVHG DW WKH SRVLWLRQV XVLQJ 5X&O[+2 DQG
1D,2,QWHUPHGLDWHZDVEURPLQDWHGDWWKHSRVLWLRQVXVLQJ1EURPRVXFFLQLPLGH1%6WR
\LHOG  7KH ILQDO VWHS RI WKH V\QWKHVLV LQYROYHG DWWDFKLQJ WKH VROXELOLVLQJ DON\O FKDLQV WR WKH
 SRVLWLRQV WR DIIRUG  DQG  UHVSHFWLYHO\ %LVWULPHWK\OVWDQQ\OWKLRSKHQ
\OEHQ]R>F@>@WKLDGLD]ROH'7%7DQGGLIOXRURELVWULPHWK\OVWDQQ\OWKLRSKHQ
\OEHQ]R>F@>@WKLDGLD]ROH'7II%7ZHUHSUHSDUHGDFFRUGLQJWROLWHUDWXUHSURFHGXUHV
$OOSRO\PHUVZHUHSUHSDUHGvia 6WLOOHFRXSOLQJXVLQJ3G2$FDQGWULo-WRO\OSKRVSKLQHDVWKH
FDWDO\VW DQG WROXHQH DV WKH VROYHQW $OO SRO\PHULVDWLRQV ZLWK WKH H[FHSWLRQ RI33(+'7II%7
ZHUHFRQGXFWHGRYHUKRXUV3RO\PHULVDWLRQRI33(+'7II%7ZDVVWRSSHGDIWHUKRXUVDV
DIWHUWKLVWLPHSRO\PHUSUHFLSLWDWLRQZDVREVHUYHGDVDUHVXOWRI LWVORZHUVROXELOLW\7KHFUXGH
SRO\PHUV ZHUH SXULILHG via 6R[KOHW H[WUDFWLRQ XVLQJ PHWKDQRO DFHWRQH KH[DQH WROXHQH DQG
FKORURIRUP 7KH PHWKDQRO DFHWRQH DQG KH[DQH IUDFWLRQVUHPRYHG FDWDO\VW UHVLGXHV LQRUJDQLF
LPSXULWLHVDQGORZPROHFXODUZHLJKWROLJRPHUVSRO\PHUV7KHWROXHQHIUDFWLRQVZHUHFROOHFWHG
IRU33+''7%7DQG33+''7II%7,QFRQWUDVWWKHFKORURIRUPIUDFWLRQZDVFROOHFWHGIRU33(+
'7%7DQG33(+'7II%7DFRQVHTXHQFHRIWKHVPDOOHUDON\OFKDLQRQWKHS\UHQHUHSHDWXQLWV
ZKLFKSURYLGH ORZHUVROXELOLW\ LQ WROXHQHIUDFWLRQVRQ6R[KOHWH[WUDFWLRQ7KHQXPEHUDYHUDJH
PROHFXODU ZHLJKWV MQ DQG ZHLJKDYHUDJH PROHFXODU ZHLJKV MZ ZHUH GHWHUPLQHG via JHO
SHUPHDWLRQFKURPDWRJUDSK\*3&DW&XVLQJWULFKORUREHQ]HQHDVWKHHOXHQW$VHULHV
RISRO\VW\UHQHVWDQGDUGVZHUHXVHGDVWKHLQWHUQDOVWDQGDUGVDQGWKHUHVXOWVDUHRXWOLQHGLQ7DEOH
 8QVXUSULVLQJO\ SRO\PHUV WKDW DUH VXEVWLWXWHG ZLWK WKH VKRUW HWK\OKH[\O FKDLQV GLVSOD\HG
ORZHU PROHFXODU ZHLJKWV UHODWLYH WRSRO\PHUV WKDW DUH VXEVWLWXWHG ZLWK WKH ODUJHUKH[\OGHF\O
DON\O FKDLQV &OHDUO\ WKH LQFRUSRUDWLRQ RI ODUJHU DON\O FKDLQV RQ WKH S\UHQH XQLWV LQKLELWV
LQWHUPROHFXODULQWHUDFWLRQVEHWZHHQSRO\PHUFKDLQVDLGLQJWKHIRUPDWLRQRISURFHVVDEOHSRO\PHU
PDWHULDOV ZLWK KLJKHU PROHFXODU ZHLJKW ,QWHUHVWLQJO\ 33(+'7II%7 GLVSOD\HG D ORZHU MQ
'DUHODWLYHWRLWVQRQIOXRULQDWHGDQDORJXH33(+'7%7'D3UHYLRXVOLWHUDWXUH
KDVVKRZQWKDWWKHLQFRUSRUDWLRQRIIOXRULQHRQWKHEHQ]RWKLDGLD]ROHXQLWUHVXOWVLQVWURQJHUʌʌ
VWDFNLQJ LQWHUDFWLRQV DQG DJJUHJDWLRQ RI SRO\PHUV FKDLQV ZKLFK OLPLWV WKH ILQDO PROHFXODU
ZHLJKW RI WKH SRO\PHU +RZHYHU 33+''7II%7  'D GLG QRW GLVSOD\ D ORZHU MQ
UHODWLYHWRLWVQRQIOXRULQDWHGDQDORJXH33+''7%7'D,WLVVSHFXODWHGWKDWWKHODUJH
KH[\OGHF\O FKDLQV DUH ORQJ HQRXJK WR EUHDN WKHVH DGGLWLRQDO LQWHUDFWLRQV LQ VROXWLRQ
IDFLOLWDWLQJWKHIRUPDWLRQRIDKLJKPROHFXODUZHLJKWPDWHULDO
89YLVDEVRUSWLRQ VSHFWURVFRS\7KHRSWLFDOSURSHUWLHVRI DOOSRO\PHUVZHUH LQYHVWLJDWHGE\
89YLVVSHFWURVFRS\LQGLOXWHFKORURIRUPVROXWLRQV)LJXUHDDQGILOPVWDWHV)LJXUHE7KH
RSWLFDOEDQGJDSVRIWKHSRO\PHUVZHUHFDOFXODWHGIURPWKHLURQVHWVRIDEVRUSWLRQLQILOPV7KH
GDWDLVVXPPDULVHGLQ7DEOH$OO89YLVVSHFWUDGLVSOD\WZRPDLQDEVRUSWLRQEDQGV7KHEDQG
DW VKRUWHU ZDYHOHQJWKV FDQ EH DWWULEXWHG WR ʌʌ WUDQVLWLRQV ZKHUHDV WKH DEVRUSWLRQ EDQGV DW
ORQJHU ZDYHOHQJWKV FDQ EH DWWULEXWHG WR LQWUDPROHFXODU FKDUJH WUDQVIHU ,&7 EHWZHHQ WKH
HOHFWURQULFKS\UHQHXQLWVIODQNHGE\WKLRSKHQHULQJVDQGWKHHOHFWURQGHILFLHQWEHQ]RWKLDGLD]ROH
XQLWV ,Q VROXWLRQV WKH ,&7 DEVRUSWLRQ PD[LPD DUH ORFDWHG DW    DQG  QP IRU
33+''7%7 33(+'7%7 33+''7II%7 DQG 33(+'7II%7 UHVSHFWLYHO\ :KHQ FDVW LQWR
ILOPVWKHVHPD[LPDDUHUHGVKLIWHGWRDQGQPIRU33+''7%733(+'7%7
33+''7II%7DQG33(+'7II%7UHVSHFWLYHO\7KHEDWKRFKURPLFVKLIWVFDQEHDWWULEXWHGWRWKH
SRO\PHUV DGRSWLQJ PRUH SODQDU FRQIRUPDWLRQV LQ WKH VROLG VWDWH ZKLFK H[WHQGV WKH HOHFWURQLF
FRQMXJDWLRQDORQJWKHEDFNERQHRISRO\PHUV:KHQFDVWLQWRILOPVSRO\PHUVZLWKVKRUWHUDON\O
FKDLQV33(+'7%7DQG33(+'7II%7GLVSOD\PRUHUHGVKLIWHGDEVRUSWLRQPD[LPDUHODWLYHWR
WKHLU DQDORJRXV SRO\PHUV 33+''7%7 DQG 33+''7II%7 )XUWKHUPRUH DOO IOXRULQDWHG
SRO\PHUV GLVSOD\ D K\SVRFKURPLF VKLIW UHODWLYH WR WKHLU QRQIOXRULQDWHG SRO\PHUV 7KLV
SKHQRPHQRQKDVEHHQUHSRUWHGLQSUHYLRXVOLWHUDWXUH
$YHU\VPDOOVKRXOGHUDSSHDUHGDWVKRUWHUZDYHOHQJWKIRUDOOSRO\PHUV7KLVZDVORFDWHGDW
DQG  QP LQ VROXWLRQ DQG ILOP VWDWHV UHVSHFWLYHO\ 7KLV SKHQRPHQRQ KDV EHHQ REVHUYHG LQ
PRVW GRQRUDFFHSWRU FRQMXJDWHG SRO\PHUV FRQWDLQLQJ '7%7 XQLWV 7KH 89YLV VSHFWUD RI
33+''7II%7DQG33(+'7II%7ERWKGLVSOD\DVPDOOVKRXOGHUSHDNDWaQPLQVROLGVWDWH
33(+'7%7 DOVR GLVSOD\V D VKRXOGHU SHDN LQ WKLV UHJLRQ KRZHYHU LW LV QRW DV SURQRXQFHG
,QWHUHVWLQJO\ WKLV VKRXOGHU SHDN LV FRPSOHWHO\ DEVHQW LQ 33+''7%7 3UHYLRXV ZRUN KDV
VSHFXODWHG WKDW WKH LQFRUSRUDWLRQ RI IOXRULQH VXEVWLWXHQWV \LHOG DGGLWLRQDO LQWHUPROHFXODU
LQWHUDFWLRQVEHWZHHQIOXRULQHVXEVWLWXHQWVZLWKQHLJKERXULQJDURPDWLFFKDLQV7KXVWKHSRO\PHU
DGRSWV D PRUH SODQDU FRQIRUPDWLRQ ZLWK LPSURYHG VWDFNLQJ EHWZHHQ SRO\PHU FKDLQV ,W LV
SRVVLEOH WKDW WKH VKRUW HWK\OKH[\O FKDLQV LQ 33(+'7%7 DOORZ D VLPLODU ʌʌ VWDFNLQJ RI
SRO\PHU FKDLQV WR RFFXU DOO EH LW WR D PXFK UHGXFHG OHYHO ,Q FRQWUDVW WKH ODUJH DON\O FKDLQV
DWWDFKHG WR 33+''7%7 GLVUXSW LQWHUPROHFXODU LQWHUDFWLRQV UHVXOWLQJ LQ D KLJKHU GHJUHH RI
VWUXFWXUDODQGHOHFWURQLFGLVRUGHUZKLFKLVGLVSOD\HGLQWKHEURDGLOOUHVROYHGDEVRUSWLRQEDQGV
7KH RSWLFDO EDQG JDSV RI 33+''7%7 33(+'7%7 33+''7II%7 DQG 33(+'7II%7 ZHUH
HVWLPDWHG WR EH    DQG  H9 UHVSHFWLYHO\ 33(+'7%7 DQG 33(+'7II%7
GLVSOD\HG QDUURZHU RSWLFDO EDQG JDSV UHODWLYH WR WKHLU DQDORJRXV SRO\PHUV 33+''7%7 DQG
33+''7II%77KHUDWLRQDOIRUWKLVFDQEHOLQNHGWRWKHVL]HRIWKHVROXELOLVLQJFKDLQDWWDFKHGWR
WKHS\UHQHGRQRUXQLWVRQWKHUHVSHFWLYHSRO\PHUV,WLVDOVRQRWHGWKDWWKHEDQGJDSVRIWKHQRQ
IOXRULQDWHG SRO\PHUV 33+''7%7 DQG 33(+'7%7 DUH QDUURZHU WKDQ WKRVH RI WKHLU
IOXRULQDWHG DQDORJXHV 33+''7II%7 DQG33(+'7II%7 DV D FRQVHTXHQFHRIGHHSHU+202
OHYHOVLQWKHIOXRULQDWHGSRO\PHUVVHHEHORZ
33+''7%7 33(+'7%7 33+''7II%7 DQG 33(+'7II%7 DUH DQDORJRXV SRO\PHUV WR WKH
EHQ]RWKLDGLD]ROHDQWKUDFHQH EDVHG SRO\PHU 33$7%7 V\QWKHVLVHG E\ $OPHDWDT et al ZKLFK 
XVHV DQ DQWKUDFHQH IXQFWLRQDOLVHG ZLWK GRGHF\OR[\EHQ]HQH DV WKH GRQRU SRO\DURPDWLF
K\GURFDUERQ XQLW LQVWHDG RI S\UHQH DQG ZKLFK KDV DQ RSWLFDO EDQG JDS RI  H9 RU WR WKH
IOXRULQDWHG EHQ]RWKLDGLD]ROHDQWKUDFHQH EDVHG SRO\PHU 37$7II%7 V\QWKHVLVHG E\ &DUWZULJKW
DQGFRZRUNHUVZKLFKKDV DEDQGJDSRI H9 ,W LV VSHFXODWHG WKDW WKH DGGLWLRQDO F\FOLF
DURPDWLF ULQJ LQ S\UHQH XQLWV IRU SRO\PHUV GHVFULEHG LQ WKLV VWXG\ H[WHQGV WKH HOHFWURQ
FRQMXJDWLRQ\LHOGLQJPRUHSODQDUSRO\PHUEDFNERQHVZKLFKLPSURYHVʌʌVWDFNLQJLQWKHVROLG
VWDWH
7KHUPDO 3URSHUWLHV 7KHUPRJUDYLPHWULF DQDO\VLV 7*$ ZDV XVHG WR LQYHVWLJDWH WKH WKHUPDO
SURSHUWLHV RI WKH SRO\PHUV V\QWKHVLVHG ZLWKLQ WKLV UHSRUW $OO SRO\PHUV GLVSOD\ GHJUDGDWLRQ
WHPSHUDWXUHV ZHLJKW ORVV LQH[FHVVRI&33+''7%733(+'7%733+''7II%7
DQG33(+'7II%7GLVSOD\HGGHJUDGDWLRQWHPSHUDWXUHVRIDQG&UHVSHFWLYHO\
$OOLQLWLDOZHLJKWORVVHVFDQEHDWWULEXWHGWRWKHORVVRIDON\OFKDLQVIURPWKHS\UHQHGRQRUXQLW
33(+'7%7 DQG 33(+'7II%7 ERWK GLVSOD\ VHFRQG ZHLJKW ORVV SHDNV DW  DQG  &
UHVSHFWLYHO\7KLVVHFRQGZHLJKWORVVSHDNFRUUHVSRQGVWRGHJUDGDWLRQRIWKHSRO\PHUEDFNERQH
,QWHUHVWLQJO\WKLVVHFRQGZHLJKWORVVSHDNLVDEVHQWLQERWK33+''7%7DQG33+''7II%7,W
LV VSHFXODWHG WKDW WKH ODUJHUKH[\OGHF\O FKDLQ LV VLJQLILFDQWO\ OHVVYRODWLOH ZKHQ FRPEXVWHG
UHODWLYHWRWKHHWK\OKH[\OFKDLQ7KXVDV33+''7%7DQG33+''7II%7GHJUDGHDFKDUOD\HU
LV IRUPHG RYHU WKH YLUJLQ SRO\PHU ZKLFK DFWV DV D WKHUPDO LQVXODWRU RZLQJ WR LWV ORZ WKHUPDO
FRQGXFWLYLW\ &RQVHTXHQWO\ WKH FKDU OD\HU UHGXFHV WKH KHDW IOX[ UHDFKLQJ WKH YLUJLQ SRO\PHU
)XUWKHUPRUHDVWKHVXUIDFHWHPSHUDWXUHRIWKHFKDULQFUHDVHVWKHUHZLOOEHDVLJQLILFDQWLQFUHDVH
LQUHUDGLDWLRQORVVHV%RWKRIWKHVHSURFHVVHVUHWDUGWKHUPDOGHJUDGDWLRQRIWKHSRO\PHU
&\FOLF9ROWDPPHWU\&\FOLFYROWDPPHWU\ZDVXVHGWRFKDUDFWHULVHWKHIURQWLHUHQHUJ\OHYHOVRI
33+''7%7 33(+'7%7 33+''7II%7 DQG 33(+'7II%7 6WXGLHV ZHUH FDUULHG RXW RQ
GURSFDVW SRO\PHU ILOPV LQ DFHWRQLWULOH DQG WHWUDEXW\ODPPRQLXP SHUFKORUDWH DV HOHFWURO\WH
)LJXUH7KHRQVHWVRIR[LGDWLRQDQG UHGXFWLRQZHUHXVHG WRDVVHVV WKH+202DQG/802
HQHUJ\OHYHOVRIWKHSRO\PHUV7KHYDOXHVRIWKHVHvs. vacuumDORQJZLWKWKHHOHFWURFKHPLFDO
HQHUJ\EDQGJDSVFDOFXODWHGIURPWKHGLIIHUHQFHRIWKHLU+202DQG/802OHYHOVDUHVKRZQLQ
7DEOH$OOIOXRULQDWHGSRO\PHUVGLVSOD\GHHSHU+202OHYHOVUHODWLYHWRWKHLUQRQIOXRULQDWHG
FRXQWHUSDUWV D FRQVHTXHQFH RI DWWDFKLQJ HOHFWURQ ZLWKGUDZLQJ VXEVWLWXHQWV WR WKH
EHQ]RWKLDGLD]ROH XQLW 7KLV SKHQRPHQRQ KDV EHHQ REVHUYHG LQ SUHYLRXV OLWHUDWXUH ,W LV
VSHFXODWHG WKDW WKH ORZHU+202OHYHOVRIIOXRULQDWHGSRO\PHUVVKRXOGUHVXOW LQDKLJKHURSHQ
FLUFXLW YROWDJH 9RF LQ SKRWRYROWDLF GHYLFHV )XUWKHUPRUH WKH SRO\PHUV VKRXOG GLVSOD\ EHWWHU
R[LGDWLYH VWDELOLW\ UHODWLYH WR WKHLU QRQIOXRULQDWHG FRXQWHUSDUWV 7KH +202/802 OHYHOV RI
33+''7II%7 DQG 33(+'7II%7 ZHUH SRVLWLRQHG DW  H9 DQG  H9
UHVSHFWLYHO\&OHDUO\WKH/802OHYHORI33(+'7II%7 LVSRVLWLRQHGIXUWKHUIURPWKHvacuum 
OHYHO WKDQ WKDWRI33+''7II%7 ,W LV VSHFXODWHG WKDW WKLV LVDFRQVHTXHQFHRIDWWDFKLQJ ODUJHU
DON\O FKDLQV WR WKH S\UHQHXQLWV ZKLFK OHDG WR ORZHU HOHFWURQLF GHORFDOLVDWLRQ 7KH VKDOORZHU
+202OHYHORI33(+'7II%7LVDFRQVHTXHQFHRIDWWDFKLQJVKRUWHUHWK\OKH[\OFKDLQVWRWKH
S\UHQHXQLWV,WLVK\SRWKHVLVHGWKDWWKHVKRUWHUDON\OFKDLQVLQ33(+'7II%7IDFLOLWDWHLPSURYHG
LQWHUPROHFXODULQWHUDFWLRQVDQGDPRUHSODQDUSRO\PHUEDFNERQHZKLFKIDFLOLWDWHVLQWUDPROHFXODU
FKDUJHWUDQVIHUEHWZHHQWKHHOHFWURQGHILFLHQWDQGHOHFWURQGRQDWLQJXQLWV7KLVSKHQRPHQRQLV
UHSHDWHGLQWKHQRQIOXRULQDWHGSRO\PHUV33+''7%7DQG33(+'7%77KHLU+202/802
OHYHOVDUHSRVLWLRQHGDW H9DQG UHVSHFWLYHO\7KHHOHFWURFKHPLFDOEDQG
JDSV RI 33+''7%7 33(+'7%7 33+''7II%7 DQG 33(+'7II%7 ZHUH HVWLPDWHG WR EH
DQGH9UHVSHFWLYHO\7KHHOHFWURFKHPLFDOEDQGJDSVDUHVLJQLILFDQWO\ODUJHU
WKDQWKHRSWLFDOEDQGJDSV3UHYLRXVOLWHUDWXUHKDVVKRZQWKLVLVDFRQVHTXHQFHRIDQDGGLWLRQDO
LQWHUIDFLDOEDUULHUEHWZHHQWKHSRO\PHUILOPVDQGHOHFWURGHVXUIDFH
3RZGHU;UD\GLIIUDFWLRQ3;5'7KHPROHFXODURUJDQLVDWLRQRI33+''7%733(+'7%7
33+''7II%7 DQG 33(+'7II%7 LQ WKH VROLG VWDWH ZHUH SUREHG via SRZGHU ;UD\ GLIIUDFWLRQ
SDWWHUQV3;5')LJXUH7KH3;5'SDWWHUQRI33+''7%7DQG33+''7II%7ERWKGLVSOD\
EURDGGLIIXVHIHDWXUHVLQWKHZLGHDQJOHUHJLRQDWDQGDSRRUO\UHVROYHGSHDNLQWKHVPDOO
DQJOH UHJLRQ DW  7KHVH FRUUHVSRQG WR D ʌʌ VWDFNLQJ GLVWDQFH RI  c DQG D ODPHOODU
GLVWDQFHRIac UHVSHFWLYHO\3UHYLRXV OLWHUDWXUH UHSRUWVKDYH VKRZQ WKDW IOXRULQDWLRQRI
WKH EHQ]RWKLDGLD]ROH XQLW \LHOGV D GHFUHDVH LQ WKH ʌʌ VWDFNLQJ GLVWDQFH 33+''7II%7
GRHVQRWIROORZWKLVUHSRUWHGWUHQG,WLVVSHFXODWHGWKDWWKHODUJHKH[\OGHF\OQHJDWHWKHHIIHFWV
IOXRULQDWLRQ KDV RQ WKH ʌʌ VWDFNLQJ SURSHUWLHV RI WKH SRO\PHU LQ WKH VROLG VWDWH 7KXV 33+'
'7II%7SRVVHVVHV WKHVDPHQXPEHUDQGH[WHQWRI LQWHUPROHFXODU LQWHUDFWLRQVDV33+''7%7
33(+'7%7 DQG 33(+'7II%7 GLVSOD\ ODPHOODU VWDFNLQJ GLVWDQFHV RI  DQG  c
UHVSHFWLYHO\ DQG ʌʌ VWDFNLQJ GLVWDQFHV RI  DQG  c UHVSHFWLYHO\ 8QVXUSULVLQJO\
SRO\PHUV WKDW KDYH HWK\OKH[\O FKDLQV DWWDFKHG WR WKH S\UHQHXQLW SRVVHVV VPDOOHU ODPHOODU
VWDFNLQJGLVWDQFHVUHODWLYHWRSRO\PHUVWKDWKDYHKH[\OGHF\OFKDLQVDWWDFKHGWRWKHS\UHQHXQLW
7KHVPDOOHUʌʌVWDFNLQJGLVWDQFHRI33(+'7II%7UHODWLYHWR33(+'7%7FDQEHDWWULEXWHGWR
WKH LQFRUSRUDWLRQ RI IOXRULQH 3UHYLRXV OLWHUDWXUH KDV UHSRUWHG WKLV SKHQRPHQRQ 7KH VPDOOHU
VWDFNLQJGLVWDQFHDQGPRUHUHVROYHGSHDNVLQ33(+'7II%7UHODWLYHWR33(+'7%7VXJJHVWWKH
SRO\PHUDGRSWVDPRUHFU\VWDOOLQHVWUXFWXUHLQWKHVROLGVWDWH
3KRWRYROWDLFSURSHUWLHV3UHOLPLQDU\VWXGLHVRQWKHSKRWRYROWDLFSURSHUWLHVRIWKHIRXUSRO\PHUV
ZHUH XQGHUWDNHQ %XON KHWHURMXQFWLRQ VRODU FHOOV ZHUH IDEULFDWHG ZLWK D GHYLFH DUFKLWHFWXUH RI
*ODVV,723('273663RO\PHU3&%0&D$O XVLQJ D PL[WXUH RI 3RO\PHU3&%0 LQ D
ZHLJKWUDWLRRILQFKORUREHQ]HQHDVWKHSURFHVVLQJVROYHQW$GHWDLOHGGHYLFHIDEULFDWLRQLV
RXWOLQHGLQWKHH[SHULPHQWDOVHFWLRQ7KHFXUUHQWGHQVLW\YROWDJH-9FKDUDFWHULVWLFFXUYHVIURP
WKHVHGHYLFHVDUHGLVSOD\HGLQ)LJXUH7KHGHYLFHSDUDPHWHUVDUHGHSLFWHGLQ7DEOH7KH9RF
YDOXHVIRUSRO\PHUVZLWKKH[\OGHF\OVXEVWLWXHQWV33+''7%7DQG33+''7II%7DUHIRXQGWR
EHKLJKHU DQG9UHVSHFWLYHO\ WKDQ WKRVHRISRO\PHUVZLWK WKHVPDOOHUHWK\OKH[\O
VXEVWLWXHQWV33(+'7%7DQG33(+'7II%7DQG9UHVSHFWLYHO\7KLVFDQEHSDUWO\
H[SODLQHG ZLWK WKHLU GHHSHU +202 HQHUJ\ OHYHOV  DQG  H9 IRU 33+''7%7 DQG
33+''7II%7 UHVSHFWLYHO\ vs.  DQG  H9 IRU 33(+'7%7 DQG 33(+'7II%7
UHVSHFWLYHO\ $OO SRO\PHUV H[KLELW PRGHVW HIILFLHQFLHV 33(+'7%7 ERDVWHG WKH KLJKHVW
HIILFLHQF\ LQ WKLV VHULHV RI SRO\PHUV ZLWK D 3&( RI   )) RI   DQG D -VF RI 
P$FP,QFRQWUDVWWKHHTXLYDOHQWSRO\PHUZKLFKKDVWKHODUJHUKH[\OGHF\OFKDLQVDWWDFKHG
WRWKHS\UHQHXQLWV33+''7%7GHPRQVWUDWHGD3&(RID))RIDQGD-VFRI
 P$ FP 7KH KLJKHU -VF DQG )) RI 33(+'7%7 UHODWLYH WR WKRVH RI 33+''7%7 DUH
SUHVXPDEO\DUHVXOWRI WKHVPDOOHUHWK\OKH[\OVXEVWLWXHQWVDWWDFKHGWRLWVS\UHQHUHSHDWXQLWV
$VVKRZQIURPWKH;UD\GLIIUDFWLRQVWXGLHVWKHVPDOOHUDON\OFKDLQV\LHOGDVPDOOHUDPRXQWRI
VWHULFKLQGUDQFHZKLFKVKRXOGLPSURYHWKHSDFNLQJRISRO\PHUFKDLQVLQWKHSKRWRDFWLYHOD\HURI
WKH SKRWRYROWDLF GHYLFH 7KH LPSURYHG VWDFNLQJ VKRXOG \LHOG LPSURYHG FKDUJH PRELOLW\ DQG
H[WUDFWLRQLQSKRWRYROWDLFGHYLFHVIDEULFDWHGIURP33(+'7%7UHODWLYHWRWKRVHIDEULFDWHGIRUP
33+''7%7,WLVZRUWKQRWLQJWKDWDVLPLODUSKHQRPHQRQLVREVHUYHGZKHQFRPSDULQJWKHWZR
DQDORJRXVSRO\PHUV33+''7II%7DQG33(+'7II%7
&RQFOXVLRQV
)RXUQRYHOS\UHQHEHQ]RWKLDGLD]ROHDOWHUQDWLQJFRSRO\PHUVZHUHV\QWKHVLVHGvia 6WLOOHFRXSOLQJ
+H[\OGHF\ORUHWK\OKH[\OFKDLQVZHUHDWWDFKHGWRWKHS\UHQHPRLHW\WRDVVHVVWKHLPSDFWWKLV
KDG RQ WKH SURSHUWLHV RI WKH UHVXOWLQJ SRO\PHUV $OO SRO\PHUV GLVSOD\HG JRRG VROXELOLW\ LQ
FRPPRQ RUJDQLF VROYHQWV *3& DQDO\VLV VKRZHG WKDW LQFRUSRUDWLRQ RI KH[\OGHF\O FKDLQV
DOORZHG SRO\PHUV WR EH REWDLQHG ZLWK KLJKHU PROHFXODU ZHLJKWV DQG HQDEOHG WKH DGGLWLRQDO
LQWHUPROHFXODULQWHUDFWLRQVEURXJKWDERXWE\IOXRULQDWLRQRIWKHEHQ]RWKLDGLD]ROHPRLHWLHVDORQJ
SRO\PHU FKDLQV WR EH RYHUFDPH 7KXV 33+''7%7 DQG 33+''7II%7 GLVSOD\HG VLPLODU
QXPEHUDYHUDJHPROHFXODUZHLJKWV33(+'7%7DQG33(+'7II%7GLVSOD\HGQDUURZHURSWLFDO
EDQGJDSVUHODWLYHWRWKHLUDQDORJRXVSRO\PHUV33+''7%7DQG33+''7II%7$GGLWLRQDOO\
33(+'7%7DQG33(+'7II%7GLVSOD\HGVKDOORZHU+202OHYHOV UHODWLYH WR WKHLU DQDORJRXV
SRO\PHUV%RWKRIWKHVHSKHQRPHQDFDQEHDWWULEXWHGWRVKRUWHUDON\OFKDLQVEHLQJDWWDFKHGWRWKH
S\UHQH GRQRU 7KH VKRUWHU DON\O FKDLQV DUH OHVV GLVUXSWLQJ WR LQWHUPROHFXODU LQWHUDFWLRQV ZKHQ
FRPSDUHG WR WKH ODUJHUDON\OFKDLQV7KXVSRO\PHUVEHDULQJVKRUWHUDON\OFKDLQVDGRSWDPRUH
SODQDUVWUXFWXUHLQWKHVROLGVWDWH7KLVK\SRWKHVLVZDVFRQILUPHGZLWKSRZGHU;UD\GLIIUDFWLRQ
VWXGLHVZKLFKVKRZHGSRO\PHUVEHDULQJHWK\OKH[\OFKDLQVSRVVHVVHGVPDOOHUODPHOODUDQGʌʌ
VWDFNLQJ GLVWDQFHV UHODWLYH WR SRO\PHUV EHDULQJ KH[\OGHF\O FKDLQV %XON KHWHURMXQFWLRQ VRODU
FHOOVZHUHIDEULFDWHGIURPDOOSRO\PHUV3&%0ZDVXVHGDVWKHHOHFWURQDFFHSWRUDQGEOHQGVRI
SRO\PHU3&%0 UDWLRV RI  ZHUH LQYHVWLJDWHG $OO SRO\PHUV GLVSOD\HG PRGHVW HIILFLHQFLHV
33(+'7%7 GLVSOD\HG WKH KLJKHVW HIILFLHQF\ ZLWK D 3&( RI   )XUWKHU VWXGLHV LQWR WKH
RSWLPLVDWLRQRIWKHSKRWRYROWDLFSURSHUWLHVRIWKHVHSURPLVLQJPDWHULDOVDUHXQGHUZD\
([SHULPHQWDO
0DWHULDOV$OOPDWHULDOVZHUHSXUFKDVHGIURPFRPPHUFLDOVXSSOLHUVDQGXVHGDVUHFHLYHGXQOHVV
RWKHUZLVHVWDWHG7ROXHQHZDVGULHGDQGGLVWLOOHGRYHUVRGLXPXQGHUDQLQHUWDUJRQDWPRVSKHUH
$FHWRQLWULOH ZDV GULHG DQG GLVWLOOHG RYHU SKRVSKRURXV SHQWR[LGH DQG VWRUHG XQGHU DQ LQHUW
DWPRVSKHUH ZLWK PROHFXODU VLHYHV  c 3\UHQHWHWUDRQH  GLEURPRS\UHQH
WHWUDRQH  DQG GLEURPRWHWUDNLVKH[\OGHF\O R[\S\UHQH  ZHUH
V\QWKHVLVHGDFFRUGLQJWROLWHUDWXUHSURFHGXUHV
0HDVXUHPHQWV + DQG & QXFOHDU PDJQHWLF UHVRQDQFH 105 VSHFWUD ZHUH UHFRUGHG RQ D
%UXNHU $9   0+] XVLQJ FKORURIRUPG &'&O +105 RI WKH SRO\PHUV ZHUH
UHFRUGHG RQ %UXNHU $YDQFH ,,, +'   0+] VSHFWURPHWHU DW & XVLQJ 
GLGHXWURWHWUDFKORURHWKDQFHDV WKHVROYHQW&RXSOLQJFRQVWDQWVDUHJLYHQ LQ+HUW] +]&DUERQ
K\GURJHQQLWURJHQDQGVXOSKXUHOHPHQWDODQDO\VLVZDVSHUIRUPHGRQD3HUNLQ(OPHUVHULHV
&+162DQDO\VHU$QDO\VLVRIKDOLGHVZDVXQGHUWDNHQXVLQJWKH6FK|QLJHUIODVNFRPEXVWLRQ
PHWKRG *3& DQDO\VLV ZDV FRQGXFWHG RQ SRO\PHU VROXWLRQV XVLQJ WULFKORUREHQ]HQH DW
R&DVWKHHOXHQW3RO\PHUVDPSOHVZHUHVSLNHGZLWKWROXHQHDVDUHIHUHQFH*3&FXUYHVZHUH
REWDLQHG XVLQJ D 9LVFRWHN *3&PD[ 9( *3& VROYHQWVDPSOH PRGXOH DQG D :DWHUV 
'LIIHUHQWLDO5HIUDFWRPHWHUZKLFKZDVFDOLEUDWHGXVLQJDVHULHVRIQDUURZSRO\VW\UHQHVWDQGDUGV
3RO\PHU /DERUDWRULHV 7*$ FXUYHV ZHUH REWDLQHG XVLQJ D 3HUNLQ (OPHU 7*$
7KHUPRJUDYLPHWULF $QDO\VHU DW D VFDQ UDWH RI R& PLQ XQGHU DQ LQHUW QLWURJHQ DWPRVSKHUH
3RZGHU;UD\GLIIUDFWLRQVDPSOHVZHUHUHFRUGHGRQD%UXNHU'DGYDQFHGLIIUDFWRPHWHUZLWKD
&X.ĮUDGLDWLRQVRXUFHcUDWHGDVN:7KHVFDQQLQJDQJOHZDVFRQGXFWHGRYHUWKH
UDQJHR89YLVLEOHDEVRUSWLRQVSHFWUDZHUHUHFRUGHGXVLQJD+LWDFKL8'RXEOH%HDQ
899LVLEOH 6SHFWURSKRWRPHWHU 3RO\PHU VROXWLRQV ZHUH PDGH XVLQJ FKORURIRUP DQG PHDVXUHG
XVLQJ TXDUW] FXYHWWHV SDWK OHQJWK   [ P 7KLQ ILOPV XVHG IRU DEVRUSWLRQ VSHFWUD ZHUH
SUHSDUHG E\ GURSFDVWLQJ VROXWLRQV RQWR TXDUW] SODWHV XVLQJ  PJ FP SRO\PHU VROXWLRQV WKDW
ZHUHSUHSDUHGZLWKFKORURIRUP&\FOLFYROWDPPRJUDPVZHUHUHFRUGHGXVLQJD3ULQFHWRQ$SSOLHG
5HVHDUFK 0RGHO $ 3RWHQWLRVWDW*DOYDQRVWDW $ WKUHH HOHFWURGH V\VWHP ZDV HPSOR\HG
FRPSULVLQJD3WGLVFSODWLQXPZLUHDQG$J$JDVWKHZRUNLQJHOHFWURGHFRXQWHUHOHFWURGHDQG
UHIHUHQFH HOHFWURGH UHVSHFWLYHO\ 0HDVXUHPHQWV ZHUH FRQGXFWHG LQ D WHWUDEXW\ODPPRQLXP
SHUFKORUDWH DFHWRQLWULOH VROXWLRQ  PRO GP RQ SRO\PHU ILOPV WKDW ZHUH SUHSDUHG E\ GURS
FDVWLQJSRO\PHUVROXWLRQ)HUURFHQHZDVHPSOR\HGDVWKHUHIHUHQFHUHGR[V\VWHPLQDFFRUGDQFH
ZLWK,83$&¶VUHFRPPHQGDWLRQV7KHHQHUJ\OHYHORI)F)FZDVDVVXPHGDW±H9WRYDFXXP
7KHKDOIZDYHSRWHQWLDO RI)F)F UHGR[FRXSOHZDV IRXQG WREH9vs. $J$J UHIHUHQFH
HOHFWURGH7KH+202HQHUJ\OHYHOVRISRO\PHUVZHUHHVWLPDWHGE\HTXDWLRQ(+202 ±±
( )F)F(R[ RQVHW(R[ RQVHW LV WKHRQVHWR[LGDWLRQSRWHQWLDO UHODWLYH WR WKH$J$J UHIHUHQFH
HOHFWURGH7KH/802HQHUJ\OHYHOVRISRO\PHUVZHUHFDOFXODWHGXVLQJWKHHTXDWLRQ(/802 ±
 ± ( )F)F  (UHG RQVHW (UHGRQVHW LV WKH RQVHW UHGXFWLRQ SRWHQWLDO UHODWLYH WR WKH $J$J
UHIHUHQFHHOHFWURGH
)DEULFDWLRQ DQG WHVWLQJ RI %+- SRO\PHU VRODU FHOOV 7KH SRO\PHUV DQG 3&%0 ZHUH
GLVVROYHGLQFKORUREHQ]HQHDQGZHUHWKHQSXWRQDKRWSODWHKHOGDW&RYHUQLJKWZLWKVWLUULQJ
WR DOORZ GLVVROXWLRQ 7KH SRO\PHUIXOOHUHQH EOHQG UDWLRV ZHUH  3KRWRYROWDLF GHYLFHV ZHUH
IDEULFDWHGRQWRSUHSDWWHUQHG ,72JODVV VXEVWUDWHV RKPVSHU VTXDUH WKDWZHUH VXSSOLHGE\
2VVLOD /LPLWHG 7KH ,72JODVV VXEVWUDWHV ZHUH ILUVW FOHDQHG E\ VRQLFDWLRQ LQ GLOXWH 1D2+
IROORZHG E\ ,3$ $  QP WKLFN 3('27366 OD\HU ZDV VSLQFRDWHG RQWR WKH ,72JODVV
VXEVWUDWHV7KHVHZHUHWKHQWUDQVIHUUHGWRDKRWSODWHKHOGDW&IRUPLQXWHVEHIRUHEHLQJ
WUDQVIHUUHG WR D QLWURJHQ JORYHER[ $OO DFWLYH OD\HUV ZHUH VSLQ FDVW RQWR WKH
JODVV,723('27366VXEVWUDWH7KHGHYLFHVZHUHWKHQWUDQVIHUUHGLQWRDWKHUPDOHYDSRUDWRUIRU
GHSRVLWLRQRIDFDWKRGHQPRIFDOFLXPIROORZHGE\DQPRIDOXPLQLXPHYDSRUDWHGDWD
EDVHSUHVVXUHRI׽íPEDU7KHFDWKRGHZDVGHSRVLWHGWKURXJKDVKDGRZPDVNSURGXFLQJD
VHULHV RI LQGHSHQGHQW SL[HOV 'HYLFHV ZHUH HQFDSVXODWHG XVLQJ D JODVV VOLGH DQG HSR[\ JOXH
EHIRUH WHVWLQJ3&(VZHUHGHWHUPLQHGXVLQJD1HZSRUW$$0 VRODU VLPXODWRU
$Q15(/FDOLEUDWHGVLOLFRQFHOOZDVXVHGWRFDOLEUDWHWKHSRZHURXWSXWWRP:FPíDW
&$QDSHUWXUHPDVNKDYLQJDQDUHDRIPPZDVSODFHGRYHUGHYLFHVWRGHILQHWKHWHVWDUHD
(4( YDOXHV ZHUH GHWHUPLQHG RYHU WKH ZDYHOHQJWK UDQJH RI LQWHUHVW E\ FRPSDULQJ WKH
SKRWRFXUUHQWRIWKH239FHOOWRDUHIHUHQFHVLOLFRQSKRWRGLRGHKDYLQJDNQRZQVSHFWUDOUHVSRQVH


3UHSDUDWLRQRIPRQRPHUVDQGSRO\PHUV
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 GLEURPRS\UHQH
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P/ DQG7+) P/ZHUHSODFHG LQD URXQGERWWRP IODVN DQG VWLUUHG IRUPLQXWHVDW
&2QFHWKHWLPHKDGHODSVHGHWK\OKH[\OEURPLGHJPPRODQGDT.2+
P/RI0DTXHRXVVROXWLRQPPROZHUHDGGHGWRWKHPL[WXUH7KHPL[WXUHZDVVWLUUHGIRU
KRXUVDW&8SRQFRPSOHWLRQ WKH UHDFWLRQZDVTXHQFKHGZLWKEULQH7KHFUXGHPDWHULDO
ZDVH[WUDFWHGZLWK7+)7KHRUJDQLF OD\HUZDVZDVKHGZLWKEULQH [P/7KHRUJDQLF
OD\HUZDVVHSDUDWHGGULHG0J62DQGWKHVROYHQWUHPRYHGin vacuo7KHFUXGHPDWHULDOZDV
SXULILHGvia VLOLFDJHOFROXPQFKURPDWRJUDSK\XVLQJSHWUROHXPHWKHUDVWKHHOXHQWWR\LHOG
GLEURPR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V\QWKHVLVHG DV GHVFULEHG SUHYLRXVO\ LQ WKH SUHSDUDWLRQ RI  7KH SURGXFW ZDV REWDLQHG DV
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 ¶¶¶
EHQ]RWKLDGLD]ROHGL\O@ 33+''7%7 $ PL[WXUH RI GLEURPRWHWUDNLV
KH[\OGHF\OR[\S\UHQH   PJ  PPRO ELVWULPHWK\OVWDQ\OWKLRSKHQH
\OEHQ]R>F@>@WKLDGLD]ROH  PJ  PPRO 3G2$F  PJ  ȝPRO DQG WULo
WRO\OSKRVSKLQHPJȝPROZHUHSODFHGLQDRQHQHFNURXQGERWWRPIODVNDQGSODFHG
XQGHU DQ LQHUW DUJRQ DWPRVSKHUH $QK\GURXV WROXHQH  P/ ZDV DGGHG WKH V\VWHP ZDV
GHJDVVHGDQGSODFHGXQGHUDQLQHUWDUJRQDWPRVSKHUH7KHUHDFWLRQZDVKHDWHGWR&DQGOHIW
WRVWLUIRUKRXUV8SRQFRPSOHWLRQWKHUHDFWLRQZDVDOORZHGWRFRROWRURRPWHPSHUDWXUH
7ULEXW\OVWDQQ\OWKLRSKHQHȝ/PPROZDVDGGHGWKHV\VWHPZDVGHJDVVHGDQGWKH
VROXWLRQUHIOX[HGIRUKRXU8SRQFRPSOHWLRQWKHUHDFWLRQZDVFRROHGWRURRPWHPSHUDWXUHDQG
EURPRWKLRSKHQHPJPPROZDVDGGHG7KHUHDFWLRQYHVVHOZDVGHJDVVHGDJDLQDQG
WKH VROXWLRQ UHIOX[HG IRU D IXUWKHU  KRXU 8SRQ FRPSOHWLRQ WKH UHDFWLRQ ZDV FRROHG WR URRP
WHPSHUDWXUH&KORURIRUPP/ZDVWKHQDGGHGWRWKHUHDFWLRQPL[WXUHIROORZHGE\DGGLWLRQ
RIDQDPPRQLXPK\GUR[LGHVROXWLRQLQ+2P/DQGWKHPL[WXUHZDVVWLUUHGDW&
IRUKRXU7KHPL[WXUHZDVFRROHGDQGWKHRUJDQLFSKDVHZDVVHSDUDWHGDQGZDVKHGZLWKZDWHU
[P/7KHRUJDQLFSKDVHZDVFROOHFWHGFRQFHQWUDWHGWRP/in vacuo DQGSUHFLSLWDWHG
LQPHWKDQRO P/7KH VROLGVZHUH ILOWHUHG WKURXJKDPHPEUDQHDQG VXEMHFWHG WR6R[KOHW
H[WUDFWLRQ LQ WXUQ ZLWK PHWKDQRO DFHWRQH KH[DQH DQG WROXHQH 7KH WROXHQH IUDFWLRQ ZDV
FRQFHQWUDWHG in vacuo DQGSUHFLSLWDWHG LQPHWKDQRO7KHSUHFLSLWDWHZDV VWLUUHGRYHUQLJKW7KH
SXUHSRO\PHUZDVILOWHUHGWKURXJKDPHPEUDQHILOWHUDQGFROOHFWHGDVDGDUNSXUSOHVROLGPJ
  *3& WROXHQH IUDFWLRQ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